ABSTRACT
INTRODUCTION
A technique to identify and characterize highly specific proteinases in situ after SDS-PAGE of a crude cell extract should be quite useful. There are techniques for identifying and characterizing relatively nonspecific proteinases in situ after SDS-PAGE (e.g., trypsin-like serine proteinases) (2) (3) (4) 12, 14, 15) . A gel is cast in the presence of casein. After electrophoresis, the gel is washed with nonionic detergent until the SDS is removed and the proteinase refolds. Then, the reactivated proteinase begins to degrade the casein. If the gel is stained with a dye specific for protein, clear bands will appear where the casein has been degraded and, therefore, where a proteinase activity has migrated. This is an excellent technique for proteinases that are relatively nonspecific. However, most proteinases are more specific than trypsin; they would therefore cleave fewer sites in casein. Furthermore, the amounts of specific proteinases in cells and body fluids are low compared to the amounts of other proteins and nucleic acids. Thus, a very specific and sensitive assay is needed to detect proteinase activity in SDS-polyacrylamide gels after electrophoresis. Here, we present such a method using rhodamine-based fluorogenic substrates.
Previously, we had designed and synthesized an extremely sensitive and specific class of substrates for proteinases (5) . The reporter group is rhodamine -110, a diamino analogue of fluorescein that, like fluorescein, is one of the most detectable compounds known ( Figure  1A ). In the quinone state, rhodamine110 exhibits an extremely high molar absorbance coefficient, greater than 70 000 M -1 cm -1 , and an extremely high quantum yield, greater than 90%. Its fluorescence intensity is maximal in the high acidic to basic pH range. It absorbs maximally at 492 nm, where the output from a xenon lamp is relatively high and interference from most biological compounds is low. When both amino groups on rhodamine110 are derivatized, for example, with benzyloxycarbonyl-arginine (Cbz-Arg) to give (Cbz-Arg-NH) 2 -rhodamine, the rhodamine moiety shifts into the lactone state in which it does not absorb 492-nm light ( Figure 1C ). Cleavage of one of the two amide bonds to yield Cbz-Arg-NH-rhodamine results in a conversion of the rhodamine moiety back to the quinone state with a concomitant 3500-fold increase in fluorescence intensity ( Figure 1B) .
Here, we define the sensitivity of a method to identify and characterize proteinases in situ after SDS-PAGE. The model system is trypsin, and its cleavage is of a rhodamine-based substrate. Although (Cbz-Arg-NH) 2 -rhodamine is an excellent substrate for bovine trypsin, the tri-peptide derivative (Cbz-Ile-Pro-Arg-NH) 2 -rhodamine is even better; its k cat /K m is 625 000 M -1 s -1 , fourfold greater than that of (CbzArg-NH) 2 -rhodamine (7).
MATERIALS AND METHODS

Sample Preparation and Electrophoresis
Bovine trypsin (10 mg/mL stored at -20°C in 1 mM HCl) from Sigma (St. Louis, MO, USA) was serially diluted by factors of 10 into HEPES-buffered saline (25 mM HEPES, pH 7.4, 137 mM NaCl, 2.68 mM KCl, 0.5 mM MgCl 2 and 0.9 mM CaCl 2 ) at 0°C. To each sample of diluted trypsin, 0.25 volume of 4 × SDS-PAGE sample buffer (80 mM Tris-HCl, pH 8.5, 8% SDS, 4 mM EDTA and 0.004% bromophenol blue) was added, and the samples were incubated at 23°C for 5 min. Electrophoresis was performed in a PhastSystem™ (Amersham Pharmacia Biotech AB, Uppsala, Sweden) in precast 8%-25% polyacrylamide gradient PhastGels ® (Amersham Pharmacia Biotech) to which 3.5 µ L sample was applied to each lane.
Renaturation of the Proteinases In Situ
After electrophoresis, the gel was submerged in 25 mM HEPES (pH 8.0) containing 10% ethanol for 25 min at 23°C. Next, the gel was incubated in 10 mM HEPES, pH 8.0, 2.5% Triton ® X-100 and 1 mM EDTA for 30 min and then in 10 mM HEPES, pH 8.0, 10 mM CaCl 2 and 10% glycerol for 10 min. Finally, the gel was air-dried in a petri dish for 15 min to allow excess moisture to evaporate.
Preparation of the Gel Overlay
Meanwhile, substrate-soaked Whatman ® No. 1 filter paper (Whatman, Clifton, NJ, USA) was prepared as follows: (Cbz-Ile-Pro-Arg-NH) 2 -rhodamine (0.01 M in dimethylformamide [DMF]) synthesized as described in Reference 7 was diluted to 100 µ M in a volume of 0.5 mL containing 20 mM HEPES, pH 7.4, 15% ethanol. That solution was then poured on one side of a piece of Whatman No. 1 filter paper cut slightly larger than the gel. After a 15-min incubation, excess fluid was evaporated with the aid of a cool hair dryer. Substrate overlays can be prepared in advance if stored at 4°C.
Visualization of the Fluorescence in Bands
The reactivated enzyme was located in situ by placing the substrate overlay on top of the slightly moist gel and then pressing them together gently but firmly to insure uniform contact. This filter paper/gel sandwich was encased in plastic wrap and incubated at 37°C for 2 h. The increase in fluorescence in the bands on the gel with proteinase activity could be followed in real time with a hand-held UV light set at the long wavelength.
RESULTS
Assay of Five Different Concentrations of Trypsin
To demonstrate the sensitivity of the method, five amounts of trypsin differing by factors of 10 and ranging in amount from 3.5 µ g to 350 pg were fractionated by SDS-PAGE. After washing the gel to remove the SDS and to allow the enzyme to refold, a piece of Whatman No. 1 filter paper impregnated with (Cbz-Ile-Pro-Arg-NH) 2 rhodamine was placed on top of the gel. Periodically, a hand-held UV light was used to observe the development of the fluorescent bands. The gel was then placed on a transilluminator with a 600-nm cutoff filter (16) (17) (18) and photographed with a charge-coupled device (CCD) camera (Figure 2a ). Bands of fluorescence were easily observed in the presence of 3500, 350, 35 and 3.5 ng trypsin. The band from 350 pg trypsin was faint, a sixth lane on the gel (data not shown) contained 35 pg trypsin; fluorescence above background could not reproducibly be observed. However, fluorescence from 35 pg trypsin could be observed in gels incubated with the overlay for longer time periods and whose lanes did not contain nanogram or higher concentrations of trypsin (data not shown).
Quantitation of Assay Results
The fluorescence in the bands can be quantitated. In Figure 2b , lanes of the substrate-soaked Whatman No. 1 filter paper overlay were scanned by a fluorescence imaging system. The first two lanes were purposely overexposed so the sensitivity of the technique could be demonstrated in the other lanes. The overexposure in lanes a and b are signified by the broad plateau where trypsin migrated in the gel. Lanes c-e show the intensity of the fluorescence due to the hydrolysis of (Cbz-Ile-Pro-Arg-NH) 2 
DISCUSSION
Rationale for the Different Steps in the Assay
Certain parts of the assay we described were designed specifically for measuring trypsin activity, and others were not. No reducing agent was used in the SDS-PAGE sample buffer, and the sample was incubated for 5 min at 23°C as opposed to being placed in a boiling water bath. These precautions ensured that the enzyme did not become irreversibly denatured. On the other hand, since it may not be completely denatured during SDS-PAGE, its mobility in the gel may not be absolutely indicative of its molecular weight. Ethanol was present in the first wash to remove the SDS from the protein. Triton X-100 was present in the second wash to displace the remaining SDS and allow trypsin to refold into an active conformation. Different conditions may be necessary with other proteinases. CaCl 2 was present in the final wash just before the gel was dried because trypsin requires it for maximal activity. It is at this step that one should use a buffer system optimal for the enzyme to be assayed. Glycerol was present in the final wash because, even though the gel was eventually allowed to air-dry, the glycerol present kept the gel slightly moist. This moisture allows for good contact between the gel and the dry substrate overlay. If there is too much moisture, the bands on the overlay broaden because of diffusion.
For trypsin, a concentration of 100 µ M substrate was optimal; below that, only fluorescence from high concentrations of trypsin could be observed; above that, diffusion of the fluorescent product became a problem. The substrate overlay paper should be dry before applying it to the slightly damp gel; otherwise, the product of substrate hydrolysis will diffuse away more readily from the band of proteinase that generated it. Finally, with trypsin, the reaction between substrate and proteinase was limited to 2 h; otherwise, product diffusion leading to band broadening became evident. Detection and quantitation of fluorescence is dependent on the concentration of the fluorophore so that band broadening will decrease the sensitivity of detection. The procedures we used to visualize and quantitate the fluorescent bands can be improved. There was a sixth lane on the gel in Figure 2a (data not shown); it contained 35 pg trypsin. Here, fluorescence could not reproducibly be observed in photographs because the background was variable. However, with a hand-held UV lamp, we could easily see the band corresponding to 35 pg trypsin. The transilluminator and the filters on the CCD camera we used were set up to detect ethidium bromide fluorescence, not fluorescence from rhodamine110. Imagers set up for fluorescein wavelengths using argon lasers are commercially available and can detect much lower concentrations of substrate hydrolysis products. To detect very weak signals from bands, the Whatman No. 1 filter paper can be viewed in a fluorescence microscope, especially a confocal microscope, set up to observe fluorescein. If low amounts of proteinase are to be assayed, the adjacent lanes on the gel should contain no sample; this will reduce the background fluorescence and help keep it uniform.
Assay for Proteinase Inhibitors
Not only can one determine substrate specificity and apparent size of proteinases fractionated by SDS-PAGE, but one can also obtain inhibitor profiles. The same sample is run in two adjacent lanes on a gel. After renaturation of the enzymes, the two lanes are separated. One lane is soaked with potential inhibitor, the other with buffer. Then, the same substrate overlay is placed on top of both lanes. The presence of an inhibitor is signified by less fluorescence in the lane with the potential inhibitor compared to that in the lane of the control. If potential inhibitors are proteins, such as bovine pancreatic trypsin inhibitor, they can be incorporated into the polyacrylamide solution before it is polymerized to form a gel. Alternatively, a potential inhibitor, even an antibody, can be incorporated onto Whatman No. 1 filter paper as a substrate, the antibody overlay placed on one side of the gel and the substrate overlay placed on the other side of the gel. Weder et al. (20) describe an in situ gel assay for proteinase inhibitors, where the inhibitor is fractionated by SDS-PAGE, the gel is incubated with proteinase and then a cellulose acetate overlay with a fluorogenic substrate for the proteinase is placed on the gel. The fluorogenic substrates they used were 7-amino-4-methylcoumarinbased analogues. The corresponding rhodamine-based substrates are much more sensitive; they exhibit an increase in sensitivity with most enzymes of 50-to 300-fold compared to 7-amino-4-methylcoumarin-based analogues (5).
Fluorogenic Substrates with P 1 -P 1
′
Specificity
These in situ assays are not restricted to proteinases that recognize only amino acids in a substrate that are N-terminal to the cleavage site. Some proteinases recognize amino acids in substrates that are both N-terminal and C-terminal to the cleavage site. For example, omptin cleaves between basic amino acids. We recently developed an assay for omptin (11) that exploits the observation that aminopeptidases will not cleave N-terminal blocked amino acids such as benzyloxycarbonylarginylarginine 4-methyl-7-coumarylamide (Cbz-ArgArg-NH Mec). However, if Cbz-ArgArg-NH Mec is cleaved by omptin to yield Arg-NH Mec, then that product is a substrate for aminopeptidase M, and the product of that reaction will be the highly fluorescent Mec. Thus, to identify and characterize such proteinases in situ in SDS -polyacrylamide gels, an aminopeptidase can be soaked into the overlay along with the substrate.
Highly Selective Rhodamine-Based Substrates
There is a wide variety of rhodamine-based substrates that can be used in this in situ assay; most are highly specific, and some are highly selective. For example, since trypsin-like serine proteinases cleave after lysine or arginine residues, the substrates (CbzArg-NH) 2 -rhodamine or (Arg-NH) 2 rhodamine can be used to identify all trypsin-like enzymes applied to a gel (5). However, there are also highly specific and selective rhodamine-based substrates. The specificity of a sub -strate for an enzyme can be described by the specificity constant, k cat /K m , which reflects the efficiency with which the enzyme catalyses the hydrolysis of the substrate. The selectivity of a substrate refers to whether it is efficiently hydrolyzed by one enzyme and not by others. For example, some of the best rhodamine-based substrates for human plasmin are among the worst substrates for human thrombin, and vice versa. The substrates with the two highest specificity constants with human plasmin, (Cbz-Phe-Arg-NH) 2 -rhodamine and (Cbz-Trp-Arg-NH) 2 -rhodamine, are not hydrolyzed by human thrombin (6) . Conversely, the best substrate for human thrombin, (Cbz-ProArg-NH) 2 -rhodamine, is one of the worst substrates for human plasmin, the difference in k cat /K m values being 40-fold. The human adenovirus proteinase exhibits extreme selectivity towards substrates. A systematic study of the cleavage of octapeptides by the adenovirus proteinase indicates that the main determinants of proteinase specificity are the amino acids at the P 4 position (Leu, Ile or Met), the P 2 position (Gly) and the P 1 position (Gly) (19) . Only rhodamine-based substrates with the following sequences are cleaved by the enzyme: P 4 (Leu, Ile, Met), P 3 (Xxx), P 2 (Gly), P 1 (Gly), where (Xxx) is any amino acid (1,10,13) . The adenovirus proteinase could not be assayed with gelatin or casein because these proteins do not contain adenovirus proteinase cleavage sequences.
Advantages of the Assay
There are several advantages to the assays described here: (i) many different proteinases in an extract can be characterized in one gel lane. Characterization is not limited to the interaction with just one substrate because several overlays each with a different substrate can be used to probe the same gel lane. (ii) Assays can be designed to determine substrate specificity. For example, substrate overlays can contain many different rhodamine-based substrates. Once fluorescence is observed in a mixture, the rhodamine-based substrates in that mixture can be tested individually. (iii) If a band corresponding to an unknown proteinase appears, that enzyme can be purified and characterized using the substrate used to identify it. (iv) For most of the assays described here, pre-cast gels that are commercially available can be used. The exception is for those assays that require a protein to be present in the polyacrylamide solution before it is polymerized to form a gel. (v) Many of the rhodamine-based substrates are available commercially (8, 9) , and (vi) substrate overlays need not be limited to probe proteinases fractionated by SDS-PAGE. The overlays can be used after nondenaturing PAGE or after isoelectric focusing gel electrophoresis. Rhodamine110, as a reporting group, is particularly advantageous in the latter technique because its florescence is insensitive to pH.
